[1] The main eddy characteristics (length scales, rotation period, swirl and translation velocities) are determined in the eastern South Pacific region (10°-35°S and 70°-100°W) based on surface drifter measurements, satellite altimetry, and hydrographic data from the WOCE-P19 section. The ''Chile-Peru Current eddies'' have a typical diameter of order of 30 km, smaller than the typical Rossby radii observed in the region. They are principally formed near the South American coast and propagate seaward with a translation velocity varying from 3 cm s À1 in the southern part of the study domain to 6c ms À1 north of 15°S. Long-lived anticyclonic eddies propagate northwestward with a mean angle of around 333°T, whereas cyclonic vortices propagate westward, consistent with the vortices propagation theory on a b plane. The radial distribution of the swirl velocity shows that the Chile-Peru Current eddies have a maximum diameter of order 200 km with a swirl velocity of around 14 cm s À1 and a rotation period of 50 days. Hydrographic data reveal a vertical extent down to around 2000 m for energetic eddies. No significant difference is observed between the tangential velocities of cyclonic and anticyclonic eddies. Geostrophic balance can be considered for large radii, whereas ageostrophic dynamics may play an important role near the eddy centers.
Introduction
[2] During the last two decades, Lagrangian observations have been extensively used to study ocean surface characteristics from large-scale circulation to high-frequency tidal and inertial properties. However, these studies are principally limited to the Atlantic ocean [e.g., Brugge, 1995; Martins et al., 2002] and the North Pacific [e.g., Poulain and Niiler, 1989; Swenson and Niiler, 1996] , while there is a lack of knowledge on the surface ocean dynamics of the eastern South Pacific. Recently, Chaigneau and Pizarro [2005] , have analyzed the large-scale circulation and turbulent flow characteristics of the study region (10°-35°S and 70°-100°W), based on 25 years of surface drifter measurements. This area includes the eastward South Pacific Current (SPC) south of 30°S which is part of the northeastern extension of the West Wind Drift [Strub et al., 1998 ], the northward Chile-Peru Current (CPC) east of 82°W and the South Equatorial Current (SEC) flowing westward north of 25°S. The region is also known for the presence of a strong upwelling front, observed during summer and spring along the coast, separating relatively cold and fresh coastal water from warmer and saltier offshore water [Blanco et al., 2001] .
[3] Superimposed on this large-scale circulation, the mesoscale turbulent flow shows typical Lagrangian time and length scales of around 3 -6 days and 30 -40 km respectively, with an elongation in the zonal direction [Chaigneau and Pizarro, 2005] . These length scales increase equatorward, proportionally to the Rossby radius, as observed from drifter measurements in the whole Pacific basin Oh, 2003, 2004] and from altimetry data [Stammer, 1997 [Stammer, , 1998 Chaigneau and Pizarro, 2004] . Energetic mesoscale eddies have been observed in the region from both hydrographic data [Blanco et al., 2001] and satellite measurements [Hormazabal et al., 2004] . They have a clear signature on the eddy kinetic energy (EKE) calculated from altimeter measurements [Hormazabal et al., 2004] and satellite tracked drifters [Chaigneau and Pizarro, 2005] , with enhanced levels of EKE near the coast and in the southwestern part of the study domain. Mesoscale eddies play an important role in the ocean heat and freshwater transports [Wunsch, 1999; Jayne and Marotzke, 2002; Oh, 2003, 2004] . Near the coast of the study region, Chaigneau and Pizarro [2005] have shown that in the surface layer, the lateral diffusion induced by the turbulent flow provides heat and salt to the coastal waters, and counterbalances totally the advective fluxes of the large-scale currents which transport relatively cold and fresh water from the south. However, the eddy characteristics in the eastern South Pacific have not been well documented.
For example, what are their rotation periods? What are the corresponding diameters and swirl speeds? Do the cyclonic and anticyclonic eddies exhibit distinct characteristics? In order to validate numerical simulations of oceanic mesoscale features, it is important to have a good description of the eddy characteristics. This study will focus on the mesoscale characteristics of the eastern South Pacific based on satellite tracked drifter measurements, altimetry observations, and in situ hydrographic data.
[4] The paper is organized as follows. In section 2 we describe the data sets and the methods used to identify and characterize eddies. The horizontal characteristics and important eddy statistics are describe in section 3. In section 4, we study a particular cold core cyclonic eddy observed during a high-resolution hydrographic section. Finally, a discussion on the main results is given in section 5.
Data Sets and Methods
[5] The combination of different data sets, which provide distinct but complementary information, is necessary to describe eddy characteristics. For example, satellite tracked drifters are useful to describe horizontal mesoscale features of several km and days. In contrast, altimetry measurements have typical resolutions of several tens km and weeks with a regular spatiotemporal coverage. Finally, hydrographic data are necessary to provide information on the eddy vertical structure.
[6] The surface satellite tracked drifter data set spans the period 1979-2003 and is part of the Global Drifter Program/Surface Velocity Program. In the study region a total of 476 different drifters were followed (Figure 1a ). They were equipped with a holey sock drogue centered at 15 m depth in order to reduce surface drag induced by both wind and waves. The Atlantic Oceanographic and Meteorological Laboratory (AOML), Miami, received the drifter positions from Doppler measurements from Service ARGOS. These positions, irregularly distributed in time, were therefore quality controlled and interpolated to uniform 6 hour intervals using an optimum interpolation procedure [Hansen and Poulain, 1996] . Velocity components are calculated by a centered difference scheme at each 6 hour interval. Most of the drifters also provide surface temperature measurements, but due to the heterogeneity of the surface water in the study region, and the influence of the seasonal cycle on the surface temperature changes, we will not use these data. To remove high-frequency tidal and inertial wave energy and to avoid aliasing the energy into the low-frequency motions, these drifter data were daily averaged [Swenson and Niiler, 1996; Martins et al., 2002] . The maximum amount of data were observed during the 1990s, corresponding to the World Ocean Circulation Experiment (WOCE) period, and all seasons of the year were equally sampled. Figure 1a shows the spatial distribution of the daily data. There is higher resolution in the southwest and in the north of the study domain (10°-35°S and 70°-100°W), whereas the region near the coast is poorly sampled.
[7] Each trajectory was visually examined to extract all closed loops ascribed to the presence of vortex-like eddies. As a result, 1290 mesoscale current loops were obtained associated with eddies or vortices having a closed circulation; 35% of the total correspond to a cyclonic rotation and 65% to anticyclones. These complete vortices, which certainly correspond to the most energetic structures, are mostly observed in the southwest part of the domain (not shown) where the number of data is enhanced (Figure 1a) .
[8] Figure 1b shows the mean rotary spectrum obtained with the 160 drifter trajectories longer than 120 days. It confirms that anticyclonic rotation dominates cyclonic rotation in all the frequency bands. Furthermore, the difference between cyclonic and anticyclonic spectrum energies is increased for displacement periods of 3 -5 days ($8-13 cycles per month) corresponding to the shorter loops and typical Lagrangian timescales of the turbulent flow in the region [Chaigneau and Pizarro, 2005] . For lower frequencies, the large-scale circulation also indicates anticyclonic rotation enhanced by the large-scale gyre bounded by the eastward SPC south of 30°S, the equatorward CPC east of 82°S and the SEC flowing westward north of $25°S [Chaigneau and Pizarro, 2005] . The following drifter results and statistics are thus based on the 1290 closed loops. For each complete loop, the rotation period, the mean position, diameter and tangential or swirl velocity were determined. The swirl velocity V q is obtained by V q = L/T, where L is the perimeter and T the rotation period of the loop. The apparent radius R is approximated by L/2p. This technique has been also used for example in the North Atlantic by van Aken [2002] and Martins et al. [2002] , in the North Pacific ocean by Rabinovich et al. [2002] and Takematsu et al. [1999] , or by Lupton et al. [1998] to characterize subsurface hydrothermal plume in the eastern North Pacific.
[9] Owing to the relatively high spatiotemporal coverage, satellite altimetry provides an excellent opportunity to study mesoscale structures. However, to obtain better resolution, it is necessary to merge multisatellite altimeter data sets [Le Traon et al., 1995 , 1998 Ducet et al., 2000] . Here, we use the gridded product of TOPEX/Poseidon (T/P), ERS-1/2, and Jason-1 sea level anomalies (SLA) provided by Archiving Validation and Interpretation of Satellite Data in Oceanography (AVISO). This data set spans the November 1992 -March 2002 period with weekly SLA distributed on a 1/3°Mercator grid. Sea level anomalies are relative to a 7 year mean calculated over the 1993-1999 period, and the spatial resolution varies between 30 km and 35 km in our study region. The mapping method used to process the data and reduced the errors are described in detail by Ducet et al. [2000] . The merged data set of T/P and ERS provides more homogeneous and reduced mapping errors than either individual data set, yielding more realistic sea level and geostrophic current than the T/P data alone [Ducet et al., 2000] . As the resolution of the gridded data is of order of 30-35 km in the region, and the SLA variations at 50 km wavelength have their energy reduced by 50% [Ducet et al., 2000] , this data set can be used to study eddies having diameters larger than 70 km, corresponding to the typical Rossby radius for the region [Chelton et al., 1998 ]. Considering the geostrophic balance, residual sea surface velocity components were calculated from the SLA, using the geostrophic relation
where g is the acceleration due to gravity, f is the Coriolis parameter, and @x and @y are the eastward and northward distances.
[10] Because we intend to identify only mesoscale eddies, the SLA maps were filtered to remove the low-frequency SLA variability associated, for example, with the El Niño Southern Oscillation events or with the seasonal cycle of the steric expansion/contraction. For each weekly map, we removed the mean SLA of the region, and we detrended the obtained data in both the zonal and the meridional directions. Figure 1c shows the original and the filtered SLA time series at the arbitrary chosen 11°S and 83°W position (black circle on Figure 1a ). The large SLA of around 20 cm during the El Niño event of 1997 -1998 and the seasonal SLA of À5t oÀ10 cm encountered each year in spring (September -October) disappear in the filtered time series. Figure 1d shows the spatially average spectrums of both the original and the filtered SLA series. It confirms that the interannual and annual energies are strongly reduced with this filtering method, but for the higher frequencies, relevant for this study, the form of the spectrum is unchanged. For commodity reason, hereinafter, SLA will denote the filtered SLA product.
[11] To identify eddies automatically, we used a criterion based on the SLA closed contours. The mean filtered SLA standard deviation is on average around 3 cm in the study region, varying from around 1.5 cm at 10°St o$5 cm near the coast (not shown). For this reason, we adopt the ±6 cm contour line in SLA as the edge of an eddy (around twice the mean standard deviation). Other relevant techniques of eddy identification can be found in the literature [e.g., IsernFontanet et al., 2003; Morrow et al., 2004] , but many studies are based on SLA contour criteria. For example, Fang and Morrow [2003] and Morrow et al. [2004] used a 10 cm SLA to track eddies in the Indian and Southern oceans respectively; Wang et al.
[2003] used a 7.5 cm criteria in the China Sea whereas a 5 cm contour has been used for the study of the Subtropical Countercurrent eddies [Hwang et al., 2004] . For this study, we consider that all the ±6 cm SLA closed contours determine the edge of an eddy. This choice, which is close to the 2 -3 cm noise floor of altimetry [Le Traon and Ogor, 1998; Le Traon et al., 1998], eliminates the less energetic vortices. Center and apparent radius R were determined for each cyclonic (À6 cm) or anticyclonic eddy (+6 cm). Owing to the resolution of the altimetry gridded data, we does not retain eddies having a diameter lower than 70 km. The swirl velocity V q of each detected eddy is obtained by averaging the geostrophic velocities (
g q ) on the corresponding ±6 cm SLA contour. The rotation period of the eddy is then given by T = 2pR/V q . Finally, we determine the eddy translation velocity V T considering the distance between two consecutive positions of the eddy center.
[12] Satellite tracked drifters and merged altimetry measurements are well suited to mesoscale studies but are limited to the horizontal description. Complementary information on the vertical eddy structure can be obtained, however, from in situ data. For this goal, the last section of the paper will focus on a particular cold cyclonic eddy observed from the highresolution WOCE P19 hydrographic section. This section was occupied in February -April 1993, principally from southern Chile to Guatemala along a nominal longitude of 88°W from 35°Sto20°S. Further north, it deflected eastward to 85.5°W ( Figure 1a , black line). Between 35°S and 10°Sa total of 54 deep conductivity-temperature-depth (CTD) stations were occupied by R/V Knorr, with spacing less than 50 km. The ship was also equipped with an Acoustic Doppler Current Profiler (ADCP), measuring velocity components from 30 m to around 450 m depth. The processing of the data, the vertical water properties, and the important features in the property distribution associated with the large-scale circulation can be found in the work of Tsuchiya and Talley [1998] . Here, we will concentrate on a cold and fresh mesoscale structure observed around 19°S and having a clear signature on the altimetry measurements.
Horizontal Eddy Characteristics and Statistics

Eddy Formation and Propagation
[13] Figure 2 shows examples of both cyclonic (Figures 2a -2c ) and anticyclonic eddies (Figures 2d-2f) extracted from the daily drifter data. They are also clearly associated with mesoscale structures captured by altimetry measurements. Positive sea level anomalies are associated with anticyclonic eddies. Apparent loop diameters can vary from several kilometers (Figures 2b and 2d ) to more than 150 km (Figure 2e) , and the associated period of rotation varies from several days to more than one month. Some eddies are more or less stationary but in general moving eddies are observed. Drifters can be ''trapped'' into an eddy observed by altimetry and moved with it for several weeks. During this mean advection, the drifting buoy shows different loops of the same rotation sense. Figure 2 also suggests that while the consecutive cyclonic loops are centered progressively westward or slightly south of due westward (Figures 2b-2c ), the centers of consecutive anticyclonic loops move somewhat north of due westward (Figures 2e -2f ). This is confirmed by the tracking of ''longlived'' eddies, followed for more than 3 months from altimetry ( Figure 3 ). Figure 3 shows that both cyclonic and anticyclonic eddies are principally generated near the coast where eddy kinetic energy (EKE) exhibits higher levels [Chaigneau and Pizarro, 2005] . The enhanced level of EKE and the formation of eddies near the coast, may be due to several processes, such as the interaction of the PCC system with the coastline, the strong upwelling front, or the intraseasonal and seasonal variability of the coastal flow [Pizarro et al., 2002] . Furthermore, the intensification of the poleward subsurface Peru-Chile Undercurrent by the downwelling phase Kelvin waves can also destabilize the near surface coastal circulation [Shaffer et al., 1997; Zamudio et al., 2001 ] generating eddies. Eddies formed near the Chile-Peru Current tend to propagate either southwestward for the cyclonic vortices (Figure 3a) or northwestward (Figure 3b ) for anticyclonic eddies. The inset Figure 3b shows the mean propagation directions for both the cyclones and anticyclones. It confirms that cyclonic eddies (solid line) move preferentially westward/southwestward with a mean angle of around +0.4°f rom the westward direction (positive for anticlockwise). In contrast, anticylonic eddies (dashed line) propagate toward the northwest with a mean angle of À12.6°. This divergence in the warm and cold eddy pathways is linked to the b effect [Cushman-Roisin, 1994 ]: due to the rotation of the eddy, the surrounding water is advected to different latitude and so to a different planetary vorticity f. By conservation of potential vorticity, it induces a change in relative vorticity on both flanks of the vortex. This b effect leads to a westward displacement for all eddies, but also to a poleward displacement of the cyclonic eddies, and an equatorward displacement of the anticyclonic vortices. This argument has been recently verified in the southeast Indian (Leeuwin Current eddies), in the southeast Atlantic (Agulhas eddies) and in the northeast Pacific oceans (Californian Current eddies) [Morrow et al., 2004] . Here, we show that this propagation pattern is also observed in the eastern South Pacific region, for the Chile-Peru Current eddies. Figure 3c indicates that the translation velocity of the short and long-lived eddies increases equatorward from typical values of about 3 cm s À1 south of 30°S to around 6 cm s À1 north of 15°S. This northward increase of the translation velocity is consistent with the meridional changes of eddy motions on a b plane [Cushman-Roisin, 1994] . No significant difference was observed between the translation velocity speed of cyclonic and anticyclonic eddies. Furthermore, in contrast to the higher number of anticyclonic vortices identified from drifter data, Figure 3 indicates that there is 148 cyclonic and 90 anticyclonic long-lived eddies identified from the 10 years (1992-2002) of altimetry measurements. In general, long-lived anticyclonic eddies decay below the 6 cm level within 1000 km of the coast. Note, that Morrow et al. [2004] found that in the northeast Pacific, warm Californian Current eddies have a longer lifespan than their cyclonic counterparts, but their results were influenced by the strong El Niño event of 1997-1998 which was not filtered out from their altimetry data.
Eddy Characteristics
[14] The number of observed loops from drifters and altimetry provides a unique opportunity to characterize both the cyclonic and anticylonic eddies in terms of period of rotation, swirl speed, apparent radius, and translation velocity. Figure 4 shows the cumulative functions of each eddy characteristic. The vortices observed from drifter data and from altimetry show distinct rotation periods and associated radii: 90% of the 1290 eddies observed from drifter measurements have a rotation period lower than 25-30 days ( Figure 4a ) and a radius lower than around 40 km ( Figure 4b ); in contrast, 90% of the eddies observed from altimetry have a rotation period lower than 50 -60 days and a radius in the range 35-75 km. The drifter measurements are thus important to characterize the small-scale loops unresolved by satellite data, whereas altimetry provides information on the larger scales. Ninety percent of the detected eddies have a swirl velocity lower than 15-17 cm s À1 (Figure 4c ) and a translation velocity lower than 7c ms À1 (Figure 4d ). [15] In order to study the radial evolution from the eddy center of the rotation period and tangential velocity, Figure 5 shows the ensemble averages T and V q in different radius bins. Figure 5a shows that the rotation period increases outward quasi linearly for radii smaller than 100 km. For distance larger than 100 km from the eddy center, the time of rotation increases more strongly. Figure 5b shows that the tangential velocity increases rapidly over the first 20 km to a maximum of 14-15 cm s À1 at radii larger than 50 km. For radii larger than 100-120 km the swirl velocity estimated from altimetry slightly decreases (Figure 5b ), associated with a change in the increasing rate of the rotation period (Figure 5a) , and asymptotes to a 10 -11 cm s À1 value. There is a good agreement between the drifter and altimeter results, but the tangential velocities obtained from drifter data are slightly higher. This can be linked to the neglected ageostrophic part of the circulation in the altimeter measurements which can play an important role on the eddy kinetic energy [Chaigneau and Pizarro, 2005] . The discontinuity observed for radii larger than around 100 km may correspond to the critical size of the Chile-Peru Current eddies, quite close to the Rossby radius of around 95 km observed in the north of the region [Chelton et al., 1998 ]. The corresponding swirl velocities of 14-15 cm s À1 are an order of magnitude higher than the observed translation velocities which vary from 3 cm s À1 to 7cms
À1 from south to north of the study region (Figure 3 ). [16] Do cyclonic eddies rotate more rapidly than anticyclonic vortices? Using drifter measurements for radial distance smaller than 35 km, and altimetry measurements otherwise, Figure 5c does not show clear differences between clockwise and counterclockwise vortices (Figure 5c ), even if altimetry measurements suggest that cyclonic eddies have a swirl velocity of around 2 cm s À1 higher than anticyclones (also shown in Figure 4c ), this difference being in the range of the 3-4 cm s À1 standard deviation observed for all radius bins. In contrast, the tangential velocities directly deduced from the drifter rotary spectrum, show in absolute value, that the anticyclones rotate 30% more rapidly than the cyclonic vortices. However, these swirl velocities determine from the 63 trajectories longer than one year are an order of magnitude lower than the velocities determined previously. This reinforces the hypothesis that the choice of the closed loops and the ±6 cm SLA contours discriminates the smaller, less energetic eddies. Furthermore, the rotary spectrum is influenced by others variabilities not directly associated with eddies such as filaments, current bursts, meanders.
[17] In this section we have studied the horizontal characteristics and some of the kinematic properties of cyclonic Figure 5 . (a) Rotation period as function of the loop radius (= distance to the eddy center), based on all identified eddies from drifter (black dots) and altimetry measurements (shaded crosses). Black lines (shaded area) correspond to ± one standard deviation around the mean value of drifter (altimetry) measurements. (b) Tangential velocity as function of loop radius. (c) Tangential velocity as function of loop radius for cyclonic (V q < 0) and anticyclonic (V q > 0) eddies. Drifter data are used for radii <35 km, whereas satellite measurements are used for radii >35 km. The shaded area corresponds to ± one standard deviation around the mean value. Black dotted lines correspond to tangential velocities obtained from drifter rotary spectrum. and anticyclonic eddies in the eastern South Pacific. In order to describe the vertical structure of the Chile-Peru Current eddies, the next section deals with a case study of a cold core eddy observed during the P19 WOCE section.
Vertical Eddy Characteristics: A Case Study of a Cold Core Eddy
[18] Figure 6a shows the vertical distribution, in the first 500 m of the water column, of the potential density obtained from temperature and salinity CTD profile data during the P19 WOCE section between 35°S and 10°S. The properties of the different water masses and the effect of the large-scale circulation on the vertical tracer distributions are described in details in Tsuchiya and Talley [1998] . A particular mesoscale structure centered at around 19°S was sampled between the 18 and the 21 March 1993 (Figure 6a ). The uplift of ispopycnal levels at this latitude indicates the cyclonic nature of the eddy. The influence of this cold cyclonic eddy is visible down to 2000 m with a temperature anomaly at this depth of around À0.1°C (not shown). In the absence of any other vertical hydrographic measurements of cold core eddy in the study region, we consider this depth (2000 m), as a typical vertical extension of the eastern South Pacific or Chile-Peru Current eddies. Figure 6b presents the temperature, salinity and density averaged over the 150 -500 m layer and detrended meridionally. The cyclonic eddy centered at 19°S has a lower temperature of around 1°-1.5°C and a lower salinity of around 0.1-0.15 compared to the surrounding water. This is associated with higher densities of around 0.1 kg m À3 . These anomalies can increase locally to more than À2.5°C in temperature and À0.4 in salinity. The northern and southern limits of the eddy are around 18°S and 20°S respectively corresponding to a radius approximately of 100-120 km. The surface data do not show important anomalies at 19°S (not shown). This suggests that the eddy was formed far away from the WOCE section, and during its displacement toward the hydrographic section its surface properties were modified by air-sea exchanges (heat flux and evaporation/precipitation). As the air-sea interactions modify mainly the mixed layer properties at the scales considered here, below 150 -500 m depth (and down to 2000 m) the eddy core may conserve the water properties of its formation region.
[19] Figure 6c (blue line) shows the dynamic height relative to 3000 m, calculated from in situ measurements and detrended meridionally. It compares quite well with the altimetry measurements interpolated along the WOCE section (red line). All along the section, the correlation is of 80% with 2 cm of rms difference; considering only the 15°-25°S latitude band, the correlation increases to 96% with 1.1 cm of rms difference. The cold core cyclonic eddy centered at 19°S exhibits a maximum sea level anomaly of around À10 cm. Near its centre, the velocity, corresponding to the ADCP measurements averaged between 30 m and 450 m, is of order of 2 cm s À1 (Figure 6c ). This velocity increases toward the edges of the eddy to reach a maximum of 11.8 cm s À1 on the southern flank and 13.3 cm s À1 on the northern flank. The zonal velocity component (Figure 6d ) is in agreement with the SLA slopes: south of the eddy centre, a negative meridional SLA gradient is associated with a negative (westward) zonal velocity, whereas north of the eddy core, the zonal velocity reverses eastward. As the eddy is well captured by SLA satellite measurements, we can trace it back in time to determine its formation region. Unfortunately, the satellite measurements began only the 14 October 1992, and we can follow the eddy only from this date. In beginning November 1992 the eddy was located at around 20.5°S and 81°W ( Figure 7 ) and a second, weaker cyclonic centre is visible at around 19°S and 82°W. In December the two cyclonic eddies started to merge together. During the following months, this large À10 cm SLA centre propagated to the west and crossed the WOCE section from February to the end of March 1993, at the time of the in situ measurements. From April, the cold core eddy lost its intensity and its SLA progressively reduced, but we can still track it visually until October 1993. On the basis of the À6 cm SLA contour, the apparent eddy radius at the time of the WOCE measurements is 102 km, in agreement with the estimated 100-120 km from in situ data ( Figure 6 ). It confirms that the ±6 cm SLA contour is a robust criterion in the study region for the eddy edge identification. From Figure 5c , a cyclonic eddy of around 100 km wide may have a swirl velocity of around 12 -13 cm s À1 in agreement with the velocity estimated from ADCP data (Figure 6c) .
[20] Figure 7 also shows that two different drifters have sampled this cold eddy. The first one (D1) was deployed at around 15°S and 80°W on 3 November 1992. It first flows North on the western flank of a cyclonic eddy (Figure 7b ) before moving eastward and southward by different consecutive anticyclonic/cyclonic eddies. On 6 February 1993 it is trapped by the cold cyclonic eddy centered at 19°S and rotates at its edge during around 50 days. On the basis of these 50 days of daily displacements we estimate an independent eddy swirl velocity of 13.4 cm s À1 with a standard deviation of 6.2 cm s
À1
. The second drifter (D2) where launched from the R/V Knorr at 19.1°S and 87.5°W the 20 March 1993. D2 is trapped in the eddy until mid-July 1993 but we only use its first 30 days of navigation to calculate the swirl velocity of the cold core cyclone. We estimate V q = 12.2 cm s À1 with a reduced standard deviation of 3.8 cm s À1 , in good agreement with both the velocity estimated from ADCP data and the calculations of the radial statistics given in the previous section. Finally, Figure 8 presents the longitude-time diagram of the SLA averaged meridionally on the 19°-21°S latitude band, for the October 1992-December 1993 period. Again, we see that the interesting cyclonic eddy was followed from 80°Win October 1992 to around 94°W in September 1993 with maximum amplitude of À8toÀ10 cm until April -May 1993 after the crossing of the WOCE section. This eddy has thus traversed about 1500 km in an 11 months period, correspond- , quite close to the mean V T observed at this latitude (Figure 3c ).
Discussion and Conclusion
[21] On the basis of satellite tracked drifter measurements, altimetry data, and in situ hydrographic section, this study has characterized the mesoscale structures and their propagation in the eastern South Pacific. We have highlighted the complementarities of these data sets: drifter data permit to study structures with radii smaller than 35 km that the multisatellite merged product does not resolve, whereas SLA measurements allow us to track eddies in time, and space hydrographic data are useful to have a vertical vision of the eddy cores.
[22] About 2/3 of the vortices identified from drifter data are anticyclonic, whereas 2/3 of the long-lived eddies tracked from altimetry measurements are cyclonic. Owing to its resolution and the applied optimum interpolation, the altimetry mapped data imposes certain space and timescales. It misses a large part of the small-scale vortices and any ageostrophic convergence. In contrast, drifters are biased toward regions of convergent flow associated with anticyclones, higher velocities, and may give a biased representation of the entire eddy field (Figure 2 ). Thus open questions still remain such as, what part of the flow the altimetry signal represents? How the biased drifter movements can impact on our statistics? The higher number of drifter anticyclonic loops is due to the buoys trapping into convergent flow, or is it due to a cascade of the large-scale anticyclonic vorticity toward mesoscale motion? Further investigation, including high-resolution numerical simulations, is needed to respond to these questions. Even if the altimetry and drifter data measure different scales (Figure 4) , the horizontal eddy size observed from altimetry data is in agreement with what observed in the interior ocean from hydrographic CTD measurements (Figure 6c) . The smaller scales shown by the drifter loops may be influenced by ageostrophic components, more energetic near the surface.
[23] The majority of the long-lived eddies are formed near the coast in the Chile-Peru Current system where the EKE is higher [Chaigneau and Pizarro, 2005; Hormazabal et al., 2004] . Then, they migrate westward in the direction of warmer and saltier offshore water, with a translation velocity of 3 cm s À1 south of 30°S to more than 6 cm s À1 north of 15°S. The higher number of cold cyclonic longlived eddies can impact on the biology and biogeochemistry of the open ocean ecosystems [Siegel et al., 1999] . Formation of cyclonic eddies in the coastal upwelling region uplifts nutrient-rich, isopycnal surfaces into the euphotic zone, where those nutrients are rapidly utilized by phytoplankton. In contrast, the downwelling associated with anticyclones pushes nutrient-depleted waters into the aphotic zone, where there is no ecosystem response [McGillicuddy et al., 1998 ]. Thus the westward migration of the cyclonic eddies can influence the upper ocean biogeochemistry of the oligotrophic interior ocean. Furthermore, due to the b effect the meridional component of the translation velocity depends on the eddy rotation sense: cold cyclonic eddies migrate slightly poleward, whereas warm anticyclones propagate slightly equatorward. This divergence of the eddy pathways, which has been also observed in others eastern boundary regions [Morrow et al., 2004] , may have important repercussions on tracer budgets, leading for example to a net equatorward heat transport. Finally, as the warm anticyclonic eddies move equatorward, they are subject in the southern hemisphere to a higher planetary vorticity; in order to maintain their absolute vorticity, their relative vorticity may decrease. Effectively, the relative vorticity of the anticyclonic ''long-lived'' eddies identified in Figure 3 decreases in average from 3.5 Â 10 À6 s À1 to less than 1 Â 10 À6 s À1 after 80 weeks of displacements (not shown). The associated standard deviation is around 10 À6 s
À1
. In contrast, the relative vorticity of the cyclonic long-lived eddies does not show important variation due the quasi westward motion of these cold cores.
[24] The critical extensions of the Chile-Peru Current eddies have appeared to be of order of 200 km laterally (radius of 100 km) and around 2000 m vertically. This large-scale eddies have in average a swirl velocity of around 14 cm s À1 and a rotation period of around 50 days. This tangential velocity is smaller than the 20 cm s À1 observed in the North Atlantic [van Aken, 2002] and than the 40-50 cm s
of the more energetic Kuroshio region [Rabinovich et al., 2002] . The mean radius of the loops observed from drifter measurements is around 10 km (Figure 4b ). If we consider that the drifters are on average statistically evenly distributed on the eddy of radius R, the probability density p(r,q)o f finding the drifter at a radius r and direction q relative to the centre of the eddy is constant and equal to pr ; q ðÞ ¼ 1
The mean distance R 1 , or the expectation
of the drifter from the eddy centre is then given by R 1 =2R/3. A mean loop diameter of 20 km is thus associated with an eddy diameter of around 30 km, which corresponds to the typical mean diameter of the mesoscale Chile-Peru Current eddies. This order of magnitude is lower than the 30-95 km Rossby radii of deformation observed in the study region [Chelton et al., 1998] . A typical eddy diameter of 30 km is also consistent with the Lagrangian length scales of 30-40 km observed in the domain [Chaigneau and Pizarro, 2005] , but may depend of the considered latitude, since the Lagrangian length scales increase equatorward with the Rossby radius Oh, 2003, 2004] .
[25] The swirl velocity structure of typical large eddy has been reconstructed from all the identified eddies. The radial distribution of the swirl velocity (V q as function of r)i n eddies (Figure 5b ) allows us to compare the relative and planetary vorticities (x and f respectively) using the relation [Pingree and Le Cann, 1992; van Aken, 2002] At the critical radius of 100 km, the relative vorticity x is about 1% of f, suggesting that edges of large eddies are in geostrophic balance. The consideration of the geostrophic relationship to determine the swirl velocity at the eddy edges from altimetry measurements, appears then to be appropriate for large eddy diameters. The vorticity rate (jx/f j) of the eddies, increases when r decreases: at a radius of 10 km it is around 0.1 and around 0.4 near the centre. A relative vorticity of about 0.4 times the planetary vorticity suggests that eddy cores are ageostrophic. Although the large-scale eddies may be considered in geostrophic balance, ageostrophic dynamics and centrifugal effects may play an important role for the growth and decay of the mesoscale cores.
[26] Finally, these results could serve as a benchmark for interpreting and documenting the mesoscale activity in regional numerical models of the eastern South Pacific with regards to the choice of an appropriate spatial resolution. In that sense, this study may provide useful metrics for the validation of these high-resolution models along with help in developing strategies of future drifter deployments and cruise measurements. 
